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a 

I. I n t r o d u c t i o n  

Th i s  paper  i s  t h e  f i r s t  of a series r e p o r t i n g  on t h e  

M.I.T. experiments  flown on r e c e n t  sa te l l i t es .  W e  s h a l l  beg in  

by reviewing t h e  o p e r a t i o n s  of  t h e  M. I .T .  Faraday cup which 

i s  t h e  b a s i c  plasma d e t e c t o r  used by o u r  group. W e  s h a l l  t h e n  

t u r n  t o  some s p e c i f i c  obse rva t ions  made by t h e  IMP-2 s a t e l l i t e .  

The magnetopause and bow shock w i l l  be  ou r  ma in  t o p i c  of 

d i s c u s s i o n  i n  t h i s  paper .  

A. Review of t h e  M.I .T.  P l a s m a  De tec to r  

The M.I .T .  plasma d e t e c t o r  is  e s s e n t i a l l y  a Faraday cup 

which i s  ope ra t ed  i n  a d i f f e r e n t i a l  energy mode. 

s m a l l  energy range w i t h i n  which t h e  d e t e c t o r  c o l l e c t s  p a r t i c l e s  

i s  determined by t h e  a l t e r n a t i n g  squa re  wave of p o t e n t i a l  imposed 

on t h e  modulator g r i d  ( g r i d  number 2 i n  F i g u r e  1) .  Those p a r t i c l e s  

w i t h  s u f f i c i e n t  k i n e t i c  energy t o  overcome t h e  p o t e n t i a l  on t h e  

g r i d  w i l l  reach t h e  c o l l e c t o r .  A t  t h e  h ighe r  p o t e n t i a l  of t h e  

squa re  wave fewer p a r t i c l e s  w i l l  be  collected and t h u s  t h e r e  

w i l l  be an a l t e r n a t i n g  c u r r e n t  a t  t h e  f requency of t h e  modulator 

waveform. This  A.C. s i g n a l  i s  processed  by t h e  measurement 

c h a i n ,  and then  p resen ted  t o  t h e  t e l e m e t r y  system f o r  t r ansmiss ion  

t o  t h e  ground r e c e i v i n g  s t a t i o n .  The s i g n a l  i s  p r o p o r t i o n a l  t o  

t h e  f l u x  of p a r t i c l e s  wi th in  t h e  energy window determined by t h e  

v o l t a g e s  V and Vj+l .  

i n fo rma t ion  concerning t h e  d i f f e r e n t i a l  energy spectrum of t h e  

plasma p a r t i c l e s .  

The r e l a t i v e l y  

By vary ing  t h e s e  p o t e n t i a l s  one can o b t a i n  
j 
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The collectors on the IMP and Pioneer series of experiments 

were split in half by a plane perpendicular to the satellite's 

spin axis; the proton experiment on the OGO satellites had a 

triplate collector; and the electron experiment on OGO has but 

a single collector. Through an analysis of the relative currents 

detected by each of the collector se5ments, one can obtain 

information on the flow direction in a plane defined by the 

instrument's viewing direction and the spin axis (the meridian 

plane). Information concerning flow direction in the azimuthal 

plane is obtained by sampling at various angular segments within 

a rotational period. 

The third grid in the detector shields the collector from 

the strong fields near the modulator grid. The fourth grid 

suppresses secondary electrons and the photoelectrons liberated 

from the collector when it is illuminated by the sun. 

The negative 36 volt potential for this grid for IMP-1 

and IMP-2 has turned out to have been an unfortunate choice. 

Electrons, which are free to enter the cup when the modulation 

potential is positive, will undergo a net displacement, trans- 

verse to the detector's outward normal, due to the bending of 

the electron's trajectory by the electrostatic fields near 

the modulator. The greater the potential on the modulator, 

the greater will be the transverse displacement. The amount 

of displacement will be accentuated by the negative voltage 

on the suppressor grid, especially if the electron's kinetic 

energy is near the suppressor's potential. We have termed 

this shifting of the trajectories within the detector "refractive 
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modulation." I t  i s  an impor tan t  c o n s i d e r a t i o n  i n  t h e  magneto- 

s h e a t h  where t h e  m a j o r i t y  of e l e c t r o n s  are j u s t  s l i g h t l y  above 

t h e  s u p p r e s s o r ' s  36 v o l t s .  The s h i f t i n g  of e l e c t r o n s  o n t o  and 

away from t h e  c o l l e c t o r  c o n s i s t u t e s  an A.C. s i g n a l  which u s u a l l y  

dominates t h e  c u r r e n t  i n  t h e  magnetosheath.  W e  s h a l l  r e t u r n  t o  

t h i s  f e a t u r e  l a t e r  when w e  c o n s i d e r  t h e  s t r u c t u r e  of t h e  a c t u a l  

d a t a .  

B.  The IMP-2 S a t e l l i t e  

The IMP-2 s a t e l l i t e  (Explorer  2 1 )  w a s  launcl,ed on 4 October 1 9 6 4 .  

I t  i s  perhaps n o t  a s  famous a s  i t s  sister s a t e l l i t e ,  launched a 

y e a r  e a r l i e r ,  due t o  a mal func t ion  of t h e  t h i r d  s t a g e  rocket.  The 

reduced performance r e s u l t e d  i n  a lower apogee and a s h i f t  i n  t h e  

s p i n  a x i s  which e v e n t u a l l y  s p e l l e d  dea th  t o  t h e  e lec t r ica l  power 

system. The r eg ion  of space,  which was exp lo red  by IMP-2 du r ing  

i t s  t h r e e  main l i f e t i m e s  i s  shown i n  F igu re  2.  The f a c t  t h a t  

apogee was very  c l o s e  t o  t h e  bow shock f o r  t h e  f i r s t  4 0  o r b i t s  

p e r m i t t e d  many o p p o r t u n i t i e s  t o  observe  t h e  bow shock and i t s  

s p a t i a l  and temporal v a r i a t i o n s .  

. 
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I1 M.I.T.  P l a sma  Observat ions on IMP-2 

A. General  

The g e n e r a l  c h a r a c t e r  of  the  s i g n a l s  observed changes 

markedly throughout  t h e  o r b i t  depending on t h e  p a r t i c u l a r  

r e g i o n  of space  be ing  explored  by t h e  s a t e l l i t e .  A s  an 

i l l u s t r a t i o n ,  F ig .  3 presents a summary of  t h e  s i g n a l s  i n  

each of t h e  s i x  energy channels  of t h e  experiment .  

From 0925 hours  U.T. u n t i l  1450 hours  IMP-2 w a s  i n  t h e  

magnetosphere.  Within t h e  magnetosphere three d i s t r i c t  

sub reg ions  are appa ren t :  from p e r i g e e  t o  1 1 0 0  hours  when t h e  

s a t e l l i t e  w a s  a t  a g e o c e n t r i c  d i s t a n c e  of 5 ea r th  r a d i i  (Re\, 

t h e  n e g a t i v e  channel  (-130 t o  -265 vo l t s )  was responding t o  

t h e  h igh  i o n  d e n s i t i e s  i n  t h e  plasmasphere (Binsack,  1 9 6 7 ) .  

From 1 1 0 0  t o  1230 hours  t h e  g e n e r a l l y  l o w  isotropic  reponse 

i n  a l l  channels  i s  due t o  t h e  p re sence  of h igh  energy t rapped  

electrons ( r e f r a c t i v e l y  modulated i n  t h e  p o s i t i v e  channel  

mode). From 1230 hours  (7.5 Re, u n t i l  t h e  encounter  of t h e  

magnetopause a t  1 4 5 0  hour s ,  t he  d e t e c t o r  i s  responding t o  an  

i n c r e a s i n g  f l u x  of l o w  energy e l e c t r o n s  (approximately 1 Kev 

o r  below). The e x a c t  n a t u r e  of  these e l e c t r o n s  i s  n o t  y e t  

understood.  They may be r e l a t e d  t o  t h e  l o w  energy e l e c t r o n s  

observed by Vasyl iunas on OGO ( f o r  a more complete d i s c u s s i o n  

of t h e s e  e l e c t r o n s  see t h e  companion paper  by Vasyl3un3s).  

Our own p re l imina ry  s tudy  has showed a tendencv f o r  t h e i r  

- 

occur rence  t o  correlate w i t h  p e r i o d s  of weak t rapped  e l e c t r o n  

f l u k e s  i n  t h e  s k i r t  r e g i o n  (K.A. Anderson, p r i v a t e  communica- 

t i o n s )  and a lso w i t h  p e r i o d s  when t h e  magnet ic  f i e l d  d i r e c t i o n  

is  n e a r l y  cont inuous a c r o s s  t h e  magnetopause (D.  F a i r f i e l d ,  
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p r i v a t e  communication). 

i n  p rogres s .  

F u r t h e r  s tudy  of  t h i s  phenomenon i s  

A f t e r  t h e  magnetopause c r o s s i n g  a t  1450 hours  (10.5 R e ) ,  

t h e  s a t e l l i t e  e n t e r e d  t h e  magnetosheath where it remained 

u n t i l  1715 hours .  A t  t h i s  t i m e  it b r i e f l y  e n t e r e d  t h e  i n t e r -  

p l a n e t a r y  r e g i o n  u n t i l  1 7 4 0  hour s  (13 R e ) .  

ne toshea th  t h e  h igh  f l u x  of r e f r a c t e d  low energy e l e c t r o n s  

(about  50 e V )  i s  c l e a r l y  seen a s  t h e  background s i q n a l  i n  each 

channel .  The peak i n  each channel  i s  a l i t t l e  l a r g e r  t h a n  t h e  

background due t o  t h e  a d d i t i v e  e f f e c t  o f  a f lowing i o n i c  

component of  t h e  plasma i n  t h e  magnetosheath.  

While i n  t h e  mag- 

A f t e r  1925 hours  ( 1 4  Re)  t h e  s a t e l l i t e  w a s  almost cont inu-  

a l l y  i n  t h e  i n t e r p l a n e t a r y  medium ( b r i e f  excur s ions  o f  t h e  

magnetosheath p a s t  t h e  s a t e l l i t e  occur red  b e f o r e  2200, a f t e r  

2 4 0 0 ,  and aga in  b e f o r e  0300 hours  on 25 O c t .  1 9 6 4 ) .  The i n t e r -  

p l a n e t a r y  d a t a  a r e  c h a r a c t e r i z e d  by a s t r o n g l y  r o l l  modulated 

s i g n a l  i n  one  or  more a d j a c e n t  channels .  The in s t rumen t  

d e t e c t s  t h e  h igh  f l u x  of p a r t i c l e s  i n  t h e  energy channel  asso-  

c i a t e d  w i t h  t h e  wind ' s  bulk m o t i o n  and i n  t h e  d i r e c t i o n  c o r r e -  

sponding t o  t h e  bu lk  flow. The maximum c u r r e n t  i n  t h e  95 t o  

2 3 0  e V  channel  i s  more than a f a c t o r  o f  t e n  above t h e  backqround 

and t h e  t w o  a d j a c e n t  channels  a l s o  show some degree  o f  r o l l  

modulat ion.  

S t a r t i n g  a t  1 0 0 0  hours ( 1 4  Re) on 25 O c t .  1 9 6 4 ,  m u l t i p l e  

c r o s s i n g s  of  t h e  bow shock were observed.  

d a t a ,  t h e  magnetosheath was con t inuous ly  observed u n t i l  1 3 4 0  

hours  (11 R ) a t  which time a s h a r p  c r o s s i n g  of t h e  magnetopause 

A f t e r  a s h o r t  gap i n  

e 
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was observed. Several other sharp crossings were observed 

clustered around 1445 hours. 

observed until 1730 hours (4.5 R ) when the plasmasphere was 

entered as the satellite approached perigee. 

A normal magnetosphere was 

e 

This orbit illustrates quite well many of the features 

seen by IMP-2: the plasmasphere and its boundary the plasma- 

pause, the fluxes of moderately energetic electrons occasionally 

observed in the outer magnetosphere near the inside of the 

magnetopause, the high flux of lower energy electrons in the 

magnetosheath and the slight roll modulation in this region 

due to the ordered flow of the ions, the multiple crossings 

of both the magnetopause and the bow shock, and the directive 

flow of plasma from the sun when the satellite is in the 

interplanetary region. 

B. The Boundaries of the Magnetosheath 

1. General Behavior and Location of the Boundaries 

Using a plane defined by the sun-earth and earth- 

satellite lines, we have plotted the spatial location of 

those portions of the orbit where fluxes indicative of the 

magnetosheath have been observed (Figure 4). There are two 

general observations to which we would like to call attention: 

a. The boundaries are quite pliable and respond 

noticeably to interplanetary activity. In particular the 

recurrent solar activity listed in Table I compressed the 

boundaries resulting in their observations at geocentric distances 
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w e l l  w i t h i n  t h e  average p o s i t i o n s .  

compression as observed by IMP-1, IMP-2 and OGO-1 and have 

shown it t o  ag ree  q u i t e  w e l l  w i t h  t h e  s imple  ba l anc ing  of 

plasma dynamic p r e s s u r e  with a magnetic d i p o l a r  p r e s s u r e  

(Binsack and Vasylu inas ,  1 9 6 7 ) .  

W e  have r e p o r t e d  on t h i s  

TABLE I 

21-22 

2 

9 

Day of S o l a r  Ro ta t ion  Day 

14-15 3-5 O c t .  

1 Nov. 

28-29 N ~ v .  

1 1 - 1 2  O c t .  

8 Nov. 

1 9  O c t .  

15 Nov. 

26 O c t .  

2 2  Nov. 

IMP-2 O r b i t  

1 o u t  

20 i n  

39 o u t  

6 i n  

25 both 

11 o u t  

30 both 

1 6  o u t  

35 i n  

b. Even du r ing  pe r iods  of r e l a t i v e  i n a c t i v i t y  of t h e  

i n t e r p l a n e t a r y  s o l a r  wind, t h e  boundar ies  d i s p l a y  a g r e a t  

degree  of v a r i a b i l i t y .  There was s c a r c e l y  a s i n g l e  o r b i t  

which was observed n o t  t o  have m u l t i p l e  c r o s s i n g s  of t h e  bow 

shock and/or magnetopause. The d e t a i l e d  s p a t i a l  and temporal  

behav io r  of t h e  boundar ies  f o r  t h e  f i r s t  seven o r b i t s  a r e  

i l l u s t r a t e d  i n  F igu re  5. Note p a r t i c u l a r l y  t h a t  even s e v e r a l  

e a r t h  r a d i i  beyond t h e  expected p o s i t i o n  of t h e  bow shock, plasma 

is o c c a s i o n a l l y  observed which i s  c h a r a c t e r i s t i c  of t h e  magnetosheath.  
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G e o m a g n e t i c  

and 4 ,  w h i l e  it w a s  r e l a t i v e l y  q u i e t  d u r i n g  o r b i t s  5 and 6 .  

The a c t i v i t y  w a s  q u i t e  high ( K  % 5)  d u r i n g  O r b i t  1 y e t  t h e r e  
P 

w e r e  no o b s e r v a t i o n s  of  magnetosheath plasma beyond t h e  expec ted  

bow shock p o s i t i o n .  Note,  too,  t h a t  t h e  magnetopause a l s o  e x h i b i t s  

motion and s t r u c t u r e .  

a c t i v i t y  w a s  moderate % 2 3) d u r i n g  o r b i t s  2 ,  3 ,  

I t  i s  o u r  o p i n i o n  t h a t  bo th  boundar i e s  are seldom, if e v e r ,  

s t a t i o n a r y  s u r f a c e s ,  b u t  r a t h e r  e x h i b i t  motion even d u r i n g  p e r i o d s  

o f  r e l a t i v e l y  q u i e t  s o l a r  and geomagnetic a c t i v i t y .  

2. Obse rva t ions  wi th in  t h e  Boundary Layers  

L e t  us  now t u r n  t o  a c l o s e r  look a t  t h e s e  boundar i e s  

by u s i n g  t h e  plasma d a t a  i n  a l l  of  t h e i r  a v a i l a b l e  d e t a i l .  From 

t h e  vantage  p o i n t  of a sp inn ing  s a t e l l i t e ,  w e  are  a b l e  t o  s t u d y  

t h e  plasma c h a r a c t e r i s t i c s  i n  a n g l e  as w e l l  as i n  energy .  During 

t h e  e a r l y  l i f e  of  IMP-2, t h e  s p i n  p e r i o d  w a s  s l i g h t l y  l o n g e r  

t h a n  t h e  d a t a  frame p e r i o d  (a  r e s u l t  of t h e  ma l func t ion  of t h e  

t h i r d  s t a g e  r o c k e t ) ,  and thus  on ly  abou t  8 0  p e r c e n t  of  an  

az imutha l  s can  c o u l d  be ob ta ined  a t  a c o n s t a n t  energy channel .  

I f  w e  now t r a n s l a t e  t h e  a v a i l a b l e  d a t a  o n t o  an a x i s  from -180'  

t o  0' t o  +180°, where zero degrees  cor responds  t o  t h e  t i m e  when 

t h e  d e t e c t o r  w a s  c l o s e s t  t o  t h e  s a t e l l i t e - s u n  l i n e ,  w e  o b t a i n  

p l o t s  of t h e  form i l l u s t r a t e d  i n  F i g u r e s  6 ,  7 ,  8 ,  and 9.  Note 

t h a t  t h e  d a t a  have been f o l d e d  ove r  so  t h a t  t h e y  a l l  l i e  

between -180' and +180° w i t h  t h e  s t a r t i n g  t i m e  of t h e  frame 

o c c u r r i n g  a f t e r  t h e  small  gap i n  d a t a  ( a  f a c t o r  due t o  t h e  frame 

p e r i o d  be ing  less t h a n  t h e  s p i n  p e r i o d ) .  The t i m e  and sequence 
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numbers show on t h e  l e f t  of each f i g u r e  r e l a t e  t o  t h e  f i r s t  

two energy  channe l s  (40/90 and 95/230 e l e c t r o n  v o l t s ) .  Each 

succeeding sequence group i s  de layed  by 81.9 seconds as 

shown i n  F i g u r e  1 0 .  

I n  F igu re  6 ,  w e  show a few of t h e  b o w  shock c r o s s i n g s  

observed  d u r i n g  O r b i t  1. The f i r s t  t h r e e  sequences d i s p l a y  

a group of i n t e r p l a n e t a r y  s i g n a l s  which were t y p i c a l  of  t h e  

medium a t  t h i s  t i m e .  N o t e  t h e  s t r o n g  r o l l  modulat ion i n  

channe l s  4 and 6 ( t h e  two h i g h e s t  p o s i t i v e  channe l s )  which 

i s  c e n t e r e d  on t h e  " sun  t i m e " .  Th i s  i s  due t o  a h i g h l y  

directed f low of p r o t o n s  f r o m  t h e  sun. The n e g a t i v e  channel  

(-130/-265 e l e c t r o n  v o l t s )  d i s p l a y s  t h e  u s u a l  low- leve l  photo- 

c u r r e n t  b road ly  c e n t e r e d  around t h e  sun t i m e .  A f t e r  an 

u n f o r t u n a t e  d a t a  gap,  sequence 1 2 2 2  shows a h i g h l y  v a r i a b l e  

f l u x  of  p a r t i c l e s  which w e  have i n t e r p r e t e d  as e l e c t r o n s  

w i t h i n  t h e  shock t r a n s i t i o n  reg ion .  The cu r ren tSnorma l ly  

observed i n  t h e s e  t w o  channels  (whenever t h e  s a t e l l i t e  i s  i n  

t h e  magnetosheath) are shown i n  sequence 1 2 2 6 ,  some 5.5 minutes  

l a te r .  But even b e f o r e  t h e  e v e n t u a l  e n t r a n c e  i n t o  t h e  magneto- 

s h e a t h ,  t h e  bow shock receded  p a s t  t h e  s a t e l l i t e  and t h e  d a t a  

i n d i c a t e  i n t e r p l a n e t a r y  c o n d i t i o n s  d u r i n g  sequence 1223. 

The l a s t  two channe l s  i n  t h e  M. I .T .  fo rmat  are most i n t e r e s t -  

ing .  The n e g a t i v e  channel  i n d i c a t e s  i n t e r p l a n e t a r y  c o n d i t i o n s .  

The h i g h e s t  p o s i t i v e  channel  beg ins  as an  i n t e r p l a n e t a r y  scan  

a t  a b o u t  +160°  w i t h  r e s p e c t  t o  t h e  l o c a l  sun t i m e .  A f t e r  a 

g r a p h i c a l  fo ldove r  of t h e  data t o  -180°, t h e  i n t e r p l a n e t a r y  

c o n d i t i o n s  p e r s i s t  i n  t h e  d a t a  u n t i l  roughly  -45'. Then, t h e  
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d a t a  are s e e n  t o  rise r a p i d l y  from t h e i r  i n t e r p l a n e t a r y  v a l u e  

t o  a magnitude c h a r a c t e r i s t i c  of  t h e  magnetosheath.  The t o t a l  

t i m e  l a p s e  f o r  t h i s  t r a n s i t i o n  i s  abou t  one second.  I f  one 

t a k e s  a t y p i c a l  shock v e l o c i t y  o f  1 0  km/sec (Moreno, e t  a l . ,  

1967, H o l z e r ,  e t  a l . ,  1966), t h e n  t h i s  o b s e r v a t i o n  i n d i c a t e s  a 

t h i n  shock of abou t  1 0  km t h i c k n e s s .  F u r t h e r  s u p p o r t  t h a t  t h i s  

w a s  a shock c r o s s i n g  i s  a v a i l a b l e  f r o m  t h e  magnetometer da ta  

o f  N e s s  and F a i r f i e l d  ( p r i v a t e  communication).  T h e i r  d a t a  

immediately b e f o r e  o u r  n e g a t i v e  channel  measurement i n d i c a t e  

i n t e r p l a n e t a r y  c o n d i t i o n s ;  wh i l e  5 seconds  a f t e r  ou r  observed  

t r a n s i t i o n ,  t h e i r  d a t a  show magnet ic  f i e l d s  c h a r a c t e r i s t i c  of  

t h e  magnetosheath.  The plasma data  and magnet ic  f i e l d  d a t a  

a lways show e x c e l l e n t  agreement i n  d e f i n i n g  bow shock CKOSS- 

i n g s  ( F a i r f i e l d  and N e s s ,  1967).  

Two o t h e r  bow shock c r o s s i n g s ,  which are shown i n  F i g u r e s  

7 and 8, i l l u s t r a t e  measurements which w e  have i n t e r p r e t e d  as 

having  been t a k e n  w i t h i n  t h e  a c t u a l  shock l a y e r .  The d a t a  

w i t h i n  sequence 7 0 4 2  of  F igure  7 show t h e  h i g h l y  v a r i a b l e  

f l u x  of  p a r t i c l e s  which changes on t i m e  scales less than  t h e  

3.5 second measurement i n t e r v a l .  The c h a r a c t e r  of t h e s e  da ta  

i s  d i f f e r e n t  from b o t h  t h e  i n t e r p l a n e t a r y  r e g i o n  (sequence 

7038)  and t h e  magnetosheath (sequence 7050) .  The c h a r a c t e r -  

i s t i c  f requency  of t h e  v a r i a b i l i t y  (assuming t h e  0 . 1 6  second 

sampling p e r i o d  i n t r o d u c e s  n e g l i g i b l e  a l i a s i n g ,  see F igure  10) 

i s  abou t  1 H e r t z  which i s  near  t h e  i o n  c y c l o t r o n  f requency  i n  

t h i s  r eg ion .  
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The 260/650 v o l t  channel  o f  sequence 7043 d i s p l a y s  a 

c r o s s i n g  of t h e  shock l a y e r  w i t h i n  t h e  frame p e r i o d .  The data  

b e g i n  as c h a r a c t e r i s t i c  of t h e  mangetosheath a t  an  a n g l e  of  

approximate ly  +80°. Near t18Oo a changeover appea r s  and from 

-180' t o  + l o ' ,  t h e  d a t a  d i s p l a y  t h e  r o l l  modulat ion t y p i c a l  

of t h e  i n t e r p l a n e t a r y  r eg ion  (see sequence 7039) .  The 

s a t e l l i t e  n e x t  e n t e r s  t h e  magnetosheath s o m e t i m e  between 

sequence 7046 and 7047. The s l i g h t  d i p  i n  t h e  n e g a t i v e  channel  

c u r r e n t  n e a r  t h e  sun t i m e  i n  sequence 7048 i s  e x p l a i n a b l e  i n  

t e r m s  of  the out-of-phase p h o t o c u r r e n t  s u b t r a c t i n g  from t h e  

in-phase e l e c t r o n  c u r r e n t .  

Another measurement which shows t h e  a c t u a l  shock boundary 

c r o s s i n g  i s  p r e s e n t  i n  F igu re  8 ,  sequence 2710. The mearness 

of t h e  shock l a y e r  g i v e s  rise t o  a n o t h e r  phenomenon observed  

h e r e  i n  sequence 2712 .  Superimposed on an  i s o t r o p i c  background 

c u r r e n t  due t o  r e f r a c t e d  e l e c t r o n s ,  t h e r e  i s  a d i r e c t e d  f l u x  of  

p r o t o n s  which i s  a f a c t o r  of 20 g r e a t e r  t h a n  t h a t  normally observed  

i n  t h e  i n t e r p l a n e t r a y  reg ion  (sequences  2704 and 2716).  T h i s  

i n c r e a s e  c l e a r l y  i l l u s t r a t e s  t h e  p re sence  of p a r t i c l e  accelera- 

t i o n  mechanisms a t  o r  w i t h i n  t h e  shock l a y e r .  P r i o r  t o  t h e  

f i n a l  and complete the rma l i z ing  of t h e  s t reaming plasma, t h e  

plasma may undergo several extreme e x c u r s i o n s  i n  energy d e n s i t y  

before r each ing  t h e  post  shock c o n d i t i o n s .  

A sample of some magnetopause c r o s s i n g s  i s  shown i n  F i g u r e  9 .  

The t h r e e  sequences s t a r t i n g  w i t h  1322 d i s p l a y  t h e  nominal cu r -  

r e n t s  observed  w i t h i n  t h e  magnetosheath.  Sequence 1330 shows 

t h e  s m a l l  c u r r e n t s  n e a r  t h e  i n s t r u m e n t ' s  n o i s e  level  which are  

- 11 - 



usually seen just inside the magnetosphere. 

appears to have passed over the satellite during the 700/2000 

volt channel of sequence 1331. The data of the next sequence 

are of the "mixed" variety since they are neither characteristic 

of the magnetosheath (sequence 1324) nor of the magnetosphere 

(sequences 1340 and 1344). A magnetopause crossing clearly 

occurred between the M.I.T. portions of sequence 1339 and 1340. 

Sequence 1342 shows another "mixed" case, after which the 

The magnetopause 

satellite remains in the magnetosphere. 

We have ineestigated in detail the boundary crossings 

observed during the first twelve orbits of IMP-2. Each cross- 

ing was catalogued into one of six types, determined by the 

character of the signals observed before and after the crossing: 

Type 
I 

I1 

I11 

DescriDtion 

Interplanetary medium/Mixed (IP) (e.g. 
sequences ,1222 and 1223 of Figure 6) 

Mixed (IP) /Magnetosheath 

Interplanetary medium/Magnetosheath 
(e.g., sequences 2715 and 2716 of 
Figure 8 )  

IV Magnetosheath/Mixed (MS) 

V 

VI 

Mixed (MS) /Magnetosphere (e .g. , sequences 
1342 and 1343 of Figure 9) 

Magnetosheath/Magnetosphere (e.g., sequences 
1339 and 1340 of Figure 9 )  

Table I1 lists the number of crossings within each category, 

and further subdivides the catalogue into groups determined by 

the duration of the interval between the observations of the 
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two signals (Figure 10 depicts the data smpling format). 

While there are many statements one can make concerning 

the data in this table, we wish to call attention to the following 

general remarks: 

a. There are almost twice as many shock crossings as 

magnetopause crossings, a result which is to be expected due to 

the lower relative velocity of the satellite near apogee. The 

number of crossings per unit time is approximately the same 

for either type. From this we conclude that both boundaries 

display the same degree of motion and variability. 

b. Yost of the shock and magnetopause crossings which 

occurred during the briefest interval of observation (7 seconds) 

are of the ''mixed" type. This suggests that the typical time 

duration for a boundary traversal is of the order of 5 to 10 

seconds. The fact that there are fewer observations of mixed 

crossings within the long 157-second interval compared to the 

two 75-second intervals suggests that the mixed crossings are 

associated with slow, multiple crossings which return in a 

time period somewhat less than the 157 seconds. Note, hovever, 

that the sharp crossings of type I11 and VI have roughly equal 

probability of occurrence within the long 157-second interval 

and the two 75-second intervals, indicating that they are 

associated with a single, fast crossing. 

3 .  Long Period Motion of the Shock Boundary 

The previous discussion has concentrated on short-term, 

generally non-periodic, motion of the boundaries. We wish to 

- 13 - 



TABLE I1 

TVpe 

I 

I1 

Total I & I1 

- - __ . --- - - . - _ _  _- . . - -_ --_____ ._ 

Between 
Within the successive 
two M.1.T M.I.T. frames Between 
frames (either of two formats 
(7 second 75 second (157 second 
interval) intervals) intervals) Total 

20 47 22 89 

20 

40 

42 

89 

10 72 

32 161 

I11 11 43 53 107 , 

Total bow shock corssings (first 12 orbits) 268 I 

IV 

V 

Total IV & V 

5 

4 

9 

13 

17 

30 

10 

10 

20 

28 

31 

59 

VI 1 35 31 67 
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p r e s e n t h e r e  an o b s e r v a t i o n ,  made d u r i n g  O r b i t  15 ,  of an  a p p a r e n t  

long-per iod  o s c i l l a t i o n  w i t h  a p e r i o d  of  2.7 hour s  which con t inued  

f o r  1 2  hours .  

The o s c i l l a t i o n  w a s  a p p a r e n t l y  t r i g g e r e d  by a sudden change 

i n  i n t e r p l a n e t a r y  c o n d i t i o n s  which a l so  produced a s m a l l  sudden 

commencement a t  several ground o b s e r v a t o r i e s  a t  1 6 1 0  hour s  on 

2 4  October 1964. IMP-2 w a s  outbound on i t s  f i f t e e n t h  o r b i t  a t  

1 1 . 6  Re. S h o r t l y  a f t e r  t h e  ssc, t h e  s a t e l l i t e  passed  b r i e f l y  

i n t o  t h e  i n t e r p l a n e t a r y  medium a t  a g e o c e n t r i c  d i s t a n c e  of 

1 2 . 5  Re which w a s  f u r t h e r  i n  t h a n  t h e  nominal 1 4 . 2  Re f o r  t h i s  

r e g i o n  of t h e  dawn hemisphere.  Then f o r  some 1 2  hour s  t h e  

shock boundary passed  over the  s a t e l l i t e  n i n e  times, each  cross- 

i n g  be ing  v e r y  c l e a r l y  i d e n t i f i a b l e  ( F i g u r e  3 )  and o c c u r r i n g  

i n  a s y s t e m a t i c  p a t t e r n .  

W e  have a t t empted  t o  model t h i s  s y s t e m a t i c  p a t t e r n  by a 

s imple  s i n u s o i d a l  motion of t h e  bow shock. F i g u r e  1 6  p r e s e n t s  

o u r  r e s u l t s  and i l l u s t r a t e s  t h a t ,  for t h i s  example, t h e  model 

does  q u i t e  w e l l  i n  approximating t h e  t i m e s  o f  shock c r o s s i n g s .  

The c o n s t a n t  o f f s e t  of  1 4 . 2  Re a p p l i e d  t o  t h e  s i n u s o i d  i s  t h e  

same a s  t h e  average v a l u e  of t h e  shock p o s i t i o n  i n  t h i s  r eg ion .  

The p e r i o d  o f  2.72 hour s  and t h e  ampl i tude  of 1 .7  Re y i e l d  a 

maximum shock v e l o c i t y  of  7 km/sec.  

4 .  S h o r t  P e r i o d  Motions 

F i n a l l y ,  w e  p r e s e n t  some p r e l i m i n a r y  r e s u l t s  of  

c o r r e l a t i o n s  between t h e  M.I .T .  plasma d a t a  and e l e c t r o n s  g r e a t e r  

t h a n  45 Kev as measured by t h e  open Geiger  t ube  of t h e  
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'- 

U n i v e r s i t y  of C a l i f o r n i a  (Figure 12 and 13). The M.I.T. d a t a  

a r e  ' 'quant ized" i n t o  two l e v e l s  f o r  each  f i g u r e  r e p r e s e n t i n g  

o u r  judgment of t h e  r e g i o n  of space  where t h e  s a t e l l i t e  i s  a t  

t h e  t i m e  (a "mixed" o r  u n c e r t i a n  d e c i s i o n  i s  i n d i c a t e d  by a 

d o t  halfway between the two l e v e l s ) .  There are t w o  o b s e r v a t i o n s  

which w e  would l i k e  t o  mention a t  t h i s  t i m e .  

a. The presence  of h igh  energy e l e c t r o n  s p i k e s  n e a r  

t h e  shock i s  a s s o c i a t e d  w i t h  t h e  m u l t i p l i c i t y  of bow shock 

c r o s s i n g s .  A f t e r  t h e  s a t e l l i t e  f i n a l l y  passed  i n t o  t h e  magneto- 

s h e a t h  ( i n d i c a t e d  by T on Figure 12), t h e  coun t ing  ra te  of t h e s e  

e l e c t r o n s  dropped t o  background levels. 

b. The presence  of h igh  energy e l e c t r o n  s p i k e s  n e a r  t h e  

magnetopause i s  associated with t h e  o c c a s i o n a l  passage  of t h e  

s a t e l l i t e  i n t o  and o u t  of t h e  magnetosphere. There i s  a one-to- 

one r e l a t i o n s h i p  between sp ikes  and an  e x c u r s i o n  i n t o  t h e  magneto- 

sphere .  Once t h e  o u t e r  reg ion  of t h e  magnetosphere has  been 

e n t e r e d ,  t h e  count ing  ra te  cont inues  t o  rise a l though it s t i l l  

shows t h e  e f f e c t s  of boundary motion. 

- 1 6  - 



111. Summary 

The data from the M . I . T .  plasma experiment on 

shown that the boundaries of the magnetosheath are 

IMP-2 have 

extremely 

pliable and responsive to solar and geomagnetic ac-ivity. Furt 

even during relatively quiet periods, the boundaries appear to 

remain in motion although on a smaller scale. Both long term 

(hours) and short term (minutes) periodicities have been 

observed. The actual shock boundary layer has been observed, 

and rapidly varying fluxes in energy and direction are charac- 

teristic of the layer. 

ner , 
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FIGURE CAPTIONS 

F igure  l---General Schematic of t h e  M.I .T.  P l a sma  De tec to r  

F igu re  2+he r e g i o n  of space exp lo red  by IMP-2 du r ing  i t s  t h r e e  
" l i f e t i m e s " .  The p r o j e c t i o n  i s  o n t o  t h e  solar  e c l i p t i c  
XY p l ane .  The average l o c a t i o n s  of t h e  shock and 
magnetopause boundaries  are  t aken  f r o m  IMP-1 (Moreno, 
e t  a l . ,  1 9 6 7 ) .  

F igu re  3-Summary p l o t  o f  O r b i t  15. For  each 5.45 minute i n t e r v a l ,  
t w o  q u a n t i t i e s  a r e  p l o t t e d  f o r  each  channel :  t h e  maximum 
c u r r e n t  f o r  each channel observed f u r i n g  t h e  s p i n  p e r i o d ,  
and t h e  average  c u r r e n t  observed i n  a 60' segment c e n t e r e d  
i n  t h e  an t i so l a r  d i r e c t i o n  ( o n l y  t h e  l a t t e r  i s  p l o t t e d  
f o r  t h e  nega t ive  channe l ) .  See t e x t  f o r  d i s c u s s i o n .  

F i g u r e  4-The p o r t i o n s  of t h e  IMP-2 o r b i t s  where plasma charac-  
t e r i s t i c  of t h e  magnetosheath ( t r a n s i s t i o n  r eg ion )  
w e r e  observed.  The p l a n e  of  p r e s e n t a t i o n  i s  d e f i n e d  
by t h e  sun-ear th  and e a r t h - s a t e l l i t e  l i n e s .  The sma l l  
circles a t  t h e  end of a t race i n d i c a t e  t h e  p o s i t i o n  of 
t h e  f i r s t  or l a s t  obse rva t ion  of t h e  bow shock f o r  t h a t  
o r b i t  (some o r b i t  numbers a r e  inc luded  where c o n v e n i e n t ) .  
A r r o w s  i n d i c a t e  missing d a t a  beyond t h a t  p o i n t .  

F i g u r e  5-Detailed space-time p o s i t i o n s  of t h e  o b s e r v a t i o n s  of 
plasma c h a r a c t e r i s t i c  of t h e  magnetosheath du r ing  t h e  
f i r s t  seven o r b i t s .  There w e r e  geomagnetic storms 
p r i o r  t o  O r b i t  1 and p r i o r  t o  t h e  inbound p o r t i o n  of 
O r b i t  6 .  

F i g u r e  6-Bow Shock Cross ing ,  O r b i t  1. D e t a i l e d  p l o t s  of t h e  
d a t a  w i t h i n  each energy channel .  For  each channel  
t h e  d a t a  i s  d i sp layed  on an a x i s  from -180' t o  0' t o  
+180°, where  zero degrees  cor responds  t o  t h e  t i m e  
when t h e  d e t e c t o r  was closest t o  t h e  s a t e l l i t e - s u n  
l i n e .  The s t a r t i n g  t i m e  of t h e  i n d i v i d u a l  channel  
may be anywhere w i t h  r e s p e c t  t o  t h e  z e r o  degree marker;  
w e  have t h e r e f o r e  fo lded  over  t h e  d a t a  if it exceeded 
+180°. See F i g u r e  1 0  f o r  t h e  t i m e  sequencing of t h e  
d a t a  samples. 

F i g u r e  7-Bow shock c c o s s i n g ,  O r b i t  5 (see F i g u r e  6 ) .  

F i g u r e  8-Bow shock c r o s s i n g ,  O r b i t  2 (see F igure  6 ) .  

F i g u r e  9-agnetopause c ros s ing ,  O r b i t  1 (see F igure  6 ) .  
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F i g u r e  10-The t i m e  sequencing of t h e  M.I.T. experiment  on IMP-2. 
The b a s i c  t e l eme t ry  format  i s  composed of 4 sequences:  
t h e  f i r s t  t h r e e  a r e  t i m e  mu l t ip l exed  among t h e  
exper imenters ,  t h e  f o u r t h  i s  comple te ly  devoted t o  
t h e  Rb Vapor magnetometer. Within each of t h e  t h r e e  
d a t a  sequences,  frames 13 and 1 4  are used by t h e  
M.I.T. experiment.  I n  sequences of type  1 frame 1 3  
monitors  t h e  plasma i n  t h e  40/90 e V  energy range ,  
and frame 1 4  i n  t h e  95/230 e V  range.  Frames 13  and 
1 4  of  sequences of t y p e  2 monitor the  energy ranges  
260/650 and 700/2000 e V  r e s p e c t i v e l y .  Frames 13 and 
14 of sequences of t y p e  3 monitor  t h e  energy range  
-130/-265 and 1800/5400 r e s p e c t i v e l y .  

Within each  frame t h e r e  w e r e  22  u s e f u l  samples of 
t h e  plasma t aken  over  3.52 seconds (which was u s u a l l y  
s h o r t e r  t han  a complete s p i n  p e r i o d ) .  

F i g u r e  l l - A  model long per iod  shock o s c i l l a t i o n  fcr t h e  
o b s e r v a t i o n s  during O r b i t  15.  The ampl i tude  of 1 . 7  R e  
and p e r i o d  of 2 .72  hour s  y i e l d  a maximum shock speed 
of 7 km/sec a t  t h e  nominal quiet:  t i m e  shock l o c a t i o n  
of 1 4 . 2  R e .  

F i g u r e  1 2 4 o m p a r i s o n  of t h e  U n i v e r s i t y  of C a l i f o r n i a  Geiger  Tube 
( e l e c t r o n s  > 45 Kev) count ing  ra te  and t h e  M.I.T. 
plasma d a t a .  The plasma d a t a  a r e  used t o  de te rmine  
i f  t h e  s a t e l l i t e  was i n  t h e  i n t e r p l a n e t a r y  r eg ion  
( I . P . )  , t h e  magnetosheath (T)  o r  t h e  magnetospere (M) . 

Figure  13-(See F igure  1 2 ) .  
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